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EXAMPLES OF | MPRESSED CURRENT
CATHODI C PROTECTI ON DESI GN

2-1. Pur pose.

The foll ow ng exanpl es show the use of design procedures expl ai ned
in the previous section:

Steel fuel oil lines

Under gr ound st orage tanks

On-grade tank bottons

Gas distribution systens

El evated water tanks (ice is expected)

El evated water tanks (no icing will occur)
On-grade water storage reservoir (ice is expected)
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2-2. Steel Fuel G| Lines

| mpressed current cathodic protection is desired for the 6-in

wel ded fuel oil line shown in figures 2-1A and 2-1B. Since this
pi peline is in existence, current requirenent tests have already
been made. There are no other underground structures in the area,
so a surface point groundbed is chosen. Figure 2-2 illustrates a
surface poi nt groundbed anode system usi ng prepackaged ceram c rod
anodes. These prepackaged ceram c rod anodes are further detailed
in figures 2-3 and 2-4.

a. Design data.

1) Soil resistivity in area where groundbed is desired is
2000 ohm cm

2) Pipe has 6-in. dianeter (outside dianmeter = 6.625
in.)

3) Pipe length is 6800 ft.

4) Design |ife for cathodic protection anodes is 15 years
since the structure will no | onger be needed after that
tinme.

5) Design current density is 2-mA per sq ft of bare pipe.

6) The pipe is coated with hot-applied coal -tar enanel.

7) 90 percent <coating efficiency based on previous
experience wth this type coating.
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ABOVE-GRADE
TANK

SURFACE POINT GROUNDBED
WITH SIX 3"x60" PACKAGED
CERAMIC ANCDES

INSULATING
/JOINT

6 — NO. 14 AWG HMWPE J/

CONDUCTORS

SINGLE PHASE,115 VOLT AC
RECTIFIER, RATED AT 5 AMP,
10 VOLTS DC; MOUNT RECTIFIER

ON POLE ADJACENT TO ELECTRICAL
DISTRIBUTION SYSTEM

6800 FEET COATED
6 INCH WELDED STEEL
FUEL OIL LINE

INSULATING
JOINT

T——PUMF’HOUSE

Figure 2-1A Cathodic Protection System for Fuel 0Oil Line

With Anode Bed Extended Perpendicular From
Pipeline
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ABOVE -GRADE
TANK

INSULATING
SURFACE POINT GROUNDBED /JO'NT
WITH SIX 3"x60" PACKAGED

CERAMIC ANODES

NO. 2 AWG HMWPE

CONDUCTORS TO
GROUNDBED AND PIPE
SINGLE PHASE, 115 VOLT AC

RECTIFIER, RATED AT 5 AMP,
10 VOLTS DC; MOUNT RECTIFIER

ON POLE ADJACENT TO ELECTRICAL
DISTRIBUTION SYSTEM

™ —— 6800 FEET COATED
6 INCH WELDED STEEL
FUEL OIL LINE

INSULATING
JOINT

LF’UMPHOUSE

Figure 2-1B Cathodic Protection System for Fuel 0il L:?.ne
With Anode Bed Installed Parallel to Pipeline
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&~ §B AWG HMW/PE TYPE CP CABLE, LENGTH AS SPECFIED
l/—'_- RUBBERIZED HEAT SHRINK STRAIN RELIEF

/_ FACTORY MADE WATERPROOF SPLICE CONNECTION

L~ HYDRAULICALLY COMPRESSED
SPLICING SLEEVE

Lz

S

a—— FLEXABLE EPOXY ENCAPSULATION

ANCDE ROD

™ 3" OR 4" (AS SPECFIED) DIAMETER STEEL CAMNISTER

##———— CALCINED FLUID PETROLEUM COKE BREEZE

0.125", OR 0.250" DIA. CERAMC 200 ANODE

AP a1 ey

LENGTH AND DIAMETER AS SPECIFIED

»

[+ NON-—METALLIC END CAPS

Figure 2-3 Prepackaged Caramic Rod Anode for Underground Use
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Ceramic Anode

The
Ceramic Anode
Cable-to-Rod
Anode
Connection
MATERIALS CHOSEN FOR
CHLORIDE ENVIRONMENT
(CHLORINE GENERATION)
AND /OR

FRESH WATER
(OXYGEN GENERATION)

CATHODIC PROTECTION CABLE

SPECIFY CABLE SIZE & TYPE
SUCH AS # BAWG PVOF /HMWPE

ULTRA LOW RESISTANCE
SOLDER CONNECTION. 3 X
STRONGER THAN THE CABLE

MOLDED DIELECTRIC LAYER
STS CL2 GAS & ACID

RESI
PRESSURE SEAL (SEAL § 1)

MOLDED OIELECTRIC LAYER
TS CL2 GAS & ACD

RESIS
PRESSURE SEAL (SEAL # 2)
FLEXIBLE BACKFILL RESIN
ENCAPSULANT STABILIZER

(SEAL # 3)
¢ SCHEDULE 40 PVC PIPE
POLYVINYL CHLORIDE TYPE 1

RESISTS CL2 GAS & ACD
(PART OF SEAL # 4)

MIXED METAL OXIDE CERAMIC
COATED TITANIUM ANQDE ROD.

SIZE & CURRENT REQUIRED.

* TYPE 1 PYC END PLUGS
RESISTS Q.2 GAS & ACD
(PART OF SEAL § 4)

¢ NOTE: OTHER MATERIALS SUCH
AS TEFLON TUBE WTH TEFLON

Y 2o co HILOAHIY

==

Canister
B AWG HMWPE CP CABLE OR
SPECIFY OTHER CABLE SIZE
OR INSULATION TYPE

HEAVY DUTY CABLE STRAIN
RELIEF ALLOWS CONFIDENT
HANDUING OF THE CANISTER

8Y THE CABLE

TG WELDED STEEL END CAPS

PROVIDE A RUGGED TOTALLY
ENCAPSULATED STEEL CON-

\ STRUCTION.
THE CERAMIC ANODE CABLE-~
TO~ANODE ROD CONNECTION

FOR FRESH OR SALT WATER
(SEE DETAILED SKETCH).

CENTRAUZERS MAINTAIN ROD
POSITION INSIDE CANISTER.

CALCINED FLUID PETROLEUM
COKE, 99X CARBON, 5 OHM—CM
OR LESS AT AMBIENT PRESSURE
AND MAX PARTICLE SIZE=1mm.
BULK DENSITY=748S/CU.FT.

CERAMIC ANODE MIXED METAL

T~ Lt WEIGHT, LIGHT GAGE
STEEL UNI~BODY TG WELDED
CONSTRUCTION IS STRONG,
DUCTILE AND RUGGED. IT
PROVIDES ECONOMY AND EASE

OF SHIPPING, HANDUNG AND
INSTALLATION.  SPECIFY THE

LENGTH AND DIAMETER.

END PLUGS ARE OPTIONAL.

The
Ceramic Anode
Canister
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8)

9)

10)

11)

12)

Ef fective coating resistance at 15 years is estimted
at 2500 ohmsq ft.

The pipeline is isolated from the punphouse and tank
with insulating joints.

For this exanple, we have decided that the cathodic
protection systemcircuit resistance should not exceed
2.5 ohns.

El ectric power is available at 120/240 V single phase
AC from a nearby overhead distribution system

Current requirenent testing indicates that 2.8 anp are
needed for adequate cathodic protection.

b. Conputati ons.

1)

2)

Cal cul ate the external surface area of the pipe.

Pi pe di aneter = 6 in.

Pi pe length 6800 ft

Pi pe surface
area per lin ft

1.734 sq ft/lin ft (from
tabl e 3-2)

Ext ernal pipe
surface area

6800 lin ft x 1.734 sq
ft/lin ft = 11,791 sq ft

Check the current requirenment (1) using equation 1-1:

I = (A (1'")(1.0-&)
Wher e:
A = 11,791 sq ft - External pipe surface

area from previous cal cul ation

= 2 mMA/sq ft - Required current density
fromitemb5 of paragraph 2-2a.

G = 0.90- Coating efficiency expressed in
decimal formfromitem 7 of paragraph
2-2a.

= 11,791 sq ft x 2 mA/sq ft x (1.0 -
0. 90)
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3)

4)
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I = 2358 mA or approximately 2.4 anp

which agrees well with the current requirenment test
data provided in item 12 of paragraph 2-2a.

Sel ect an anode and calculate the nunmber of anodes
required (N) to neet the design |life requirenents. Two
sizes are selected for trial calculations wusing
equation 1-2:

N = I

I = 2.8 anp (CQurrent requirement fromitem
12 of paragraph 2-2a)

l, = Current rating per anode, varies de-
pendi ng on anode size fromtable 3-3.

Several different size anodes <could be chosen
Experi ence has shown that for this type of groundbed,
60-in. | ong anode packages are desirable.

For a 3-in. by 60-in. packaged canisters with a 1/8-in.
by 48-in. ceramc anode rod, |, = 1.2 anp/anode (from
table 3-3 for 15-year design life).

N = 2.8 = 2.33; use 3 anodes.
1.2

For a 3-in. by 60-in. packaged canister with a 1/4-in.
by 48-in. ceramc anode rod, |, = 2.4 anp/anode (from
table 3-3 for a 15-year design life).

N = 2.8 = 1.17; use 2 anodes.
2.4

Cal cul ate the resistance of a single anode-to-earth (R)
from equation 1-6:

Ry = _Q[K_
Wher e:
p = 2000 ohmcm (Soil resistivity in area

where groundbed is desired fromitem1
of paragraph 2-2a)
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5)

K = 0. 0213 (Shape function, fromtable 3-4
[where: L/d =60 in./3 in. = 20])

L = 5 ft (Effective anode | ength [canister
| engt h))

d = 3 in. (Anode backfill dianeter [canis-

ter dianmeter])

= 2000 x 0.0213
5

Ry, = 8. 53 ohns

Cal cul ate the nunber of anodes required to neet naxi mum
anode groundbed-to-earth resistance requirenents from
equation 1-11:

R p P
_ A F
NN T
Wher e:

Ry = G oundbed-to-earth resistance.

Ry = 8.53 ohns (Resistance of a single
anode-to-earth from the previous
cal cul ation)

N = Assunme 5 anodes (di scussed bel ow)

p = 2000 ohmcm (Soil resistivity)

P = 0. 00268 (Paralleling factor fromtable
3-5 [discussed bel ow])

C = 20 ft (Center-to-center spacing of

anodes [di scussed bel ow])

To determne P, a figure for N nmust be assunmed. This
paral leling factor conpensates for nutual interference
bet ween anodes and is dependent on spacing. Fromthe
| aw of parallel circuits, it appears that five anodes
m ght give the desired circuit resistance of 2.0 ohns
maxi mum i.e.:

8. 53 ohns/ anode = 1.706 ohns
5 anodes
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7)
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This is the approxi mate resi stance based on the |aw for
parallel circuits. (Wen equal resistance values are
joined together in a parallel circuit, the total resis-
tance value of the circuit is approximately equal to a
singl e resistance val ue divided by the nunber of resis-
tance val ues.)

To calculate the true anode resistance for five anodes,
we nust performthe cal culation fromequation 1-11

C = 20 ft (The spacing nust be chosen
based on previous experience to solve
the equation.) The spacing can
typically be from 10 to 50 ft. For
this exanple, we will try 20 ft:

Ry = 8.53 + 2000 x 0.00268
5 20

Ry = 1.706 + 0.268

Ry = 1. 974 ohns

This is wthin specification, but very close to
exceedi ng maxi num specified circuit resistance. Try
six anodes to allow for variations in soil resistivity
and to allow for wire and pipe-to-earth resistance.
Repeat cal cul ation fromequation 1-11i,

Wer e:
N = 6 anodes
P = 0. 00252, paralleling factor fromtable
3-5
Rv - _8.53 + 2000 x 0.00252
6 20
Ry = 1. 67 ohns

Based on the previous selection of six anodes for the
nunber of anodes to be used, the total circuit
resi stance nust be determ ned.

Sel ect an area for anode bed placenent. Here, the
selected area is 100 ft fromthe pipeline for inproved
current distribution. The anode bed location for this
type design nust be far enough away fromthe structure
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8)

to be protected to assure uniformdistribution of the
protective current to all structure conponents. The
hi gher the soil or water resistivity, the further away
the ground nust be |ocated. For this exanple, previous
experience has shown that the nearest anode should be
| ocated a mninum of 100 ft from the structure to
assure good current distribution. Since there are no
ot her underground utilities in the area, the groundbed
may be installed either perpendicular or parallel to
the pipe (figures 2-1A and 2-1B).

Determne the total <circuit resistance (R from
equation 1-3:

Rr = Ry + R + Re

Wer e:
Ry = Goundbed resistance-to-earth (ohns)
Ry = Header cable and resistance (ohns)
R. = Pipe-to-earth resistance (ohmns)
a) G oundbed-to-earth resistance (R) fromstep 5
R¢ = 1.67 ohns
Specify anodes wth individual lead wres of

sufficient length so that each anode wire can be
run directly to the rectifier wthout splices.
(This is wvirtually always true for anode bed
designs where the individual lead wire |engths
requi red do not exceed an average of 400 ft.)

b) Anode lead wire resistance fromequation 1-15:

I‘W RIVFT
R 1000 ft
Wher e:
Lac = Total of each actual lead wre
| engt hs/ nunber of anodes
= (140 ft + 120 ft + 100 ft + 80
ft + 60 ft + 40 ft)/6 anodes
= 90 ft per anode
Ly = Lavd N
= 90/ 6
= 15 ft
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RW =

ETL 1110-9- 10(FR)
5 Jan 91

Aver age anode |lead wre |ength/
nunber of anodes. This is based
on the circuit resistance for 6
anode lead wres in parallel.

2.58 ohns - Resistance for No.
14 AWG cable which has been
selected fromtable A-6.

15 ft x 2.58 ohns
1000 ft

0. 039 ohns

c) Pipe-to-earth resistance (R) fromequation 1-16

R
© A

R =

VWher e:

RC =

RC =

d) Calculate the tota
equation 1-3:

S

2500 ohmsq ft - Effective
coating resistance fromitem 8
of paragraph 2-2a.

11, 791 sq ft - Ext er na
pi pe surface area calculated in
step 1 of paragraph 2-2b.

2500 ohmsq ft
11,791 sq ft

0.212 ohm

circuit resistance (R from

R = Rv + Rw + Re
R; = 1.67 + 0.039 + 0.212
Rr = 1. 921 ohns
e) Since the design requirenents call for a maxinum

al | owabl e groundbed resistance of 2.0 ohns and Ry =

1.921 ohns, the design

using six (3-in x 5-ft) ceramc

anode canisters will work.
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9) Calculate the rectifier voltage (Vg from equation

1-17:

Veee = (1) (RT)
Wher e:

C. Sel ect rectifier.

(120%
2.8 anps (Current requirenent
fromitem 12 of paragraph 2-2a.
1.92 ohns (Tot al circuit
resi stance from previ ous
cal cul ati on.

Rectifier vol t age capacity
design safety factor

2.8 anp x 1.92 ohns x 1.2
6.45 V

Based on the design requirenent of 2.8 anperes and 6. 45

volts, specify a 10-V,

5-anp rectifier, which is the

nearest standard capacity available from comerci al
cat hodic protection rectifier manufacturers.
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2-3. Underground Storage Tanks (USTS).

The service station shown in figure 2-5 has three existing
under ground tanks and associ ated pipe. The quality of the coating
is unknown and it is not feasible to install dielectric insulation
to isolate the UST system Because of the anticipated |arge
current requirenment, an inpressed current protection system is
chosen. To distribute the current evenly around the tanks and
piping, and to mnimze interference effects on other structures,
a distributed anode surface bed using vertical anodes is selected.
Vertical anodes can be installed with relative ease in holes cored
t hrough the paving around the UST system Wring can be installed
several inches below the paving by cutting and hand excavating
narrow slots/trenchs through the paving.

a. Design data.
1) Soil resistivity is 4500 ohmcm

2) Pipe is 2 in., nomnal size. Total |ength of al
buried piping is 750 ft.

3) Tanks are 8000 gal, 96 in. dianeter by 21 ft 3 in.

| ong.

4) El ectrical continuity of tanks and piping has been
assured.

5) It is not feasible to install dielectric insulation;

system is therefore not isolated electrically from
ot her structures.

6) Desi gn cat hodic protection anodes for 20-year life.
7) Coating quality is unknown, assune bare.

8) The cathodic protection system circuit resistance
shoul d not exceed 2.5 ohns.

9) El ectric power is available at 120 V single phase in
the station buil ding.

10) Current requirenent test indicates that 8.2 anperes
are needed for cathodic protection.

b. Conputati ons.

1) Find the external surface area (A) of the storage
t anks and pi pi ng.

31



ETL 1110-9- 10(FR)
5 Jan 91

Area of each tank = 2 B (tank radius)? + B (tank
di aneter) (tank |ength)

32



5 Jan 91

ETL 1110-9- 10(FR)

buydrgd pue syue] ebriojls punoabaspuny I0F UOTIO30IJ DTPOYIVD ¢—Z eanbyg

. ALNNIINOD T¥OINLD3 3

QINNIINOGD IUNSNI V10 WZ SI Idid TV
01 SANOS MNVINIINE @) SHNVL J9¥HOIS NOTTVD 0008 HOV3 €
0 OO=—— SINIA

aNIaTING .
NOILYIS NI Q3INNOW {
‘SIUIJAY Z1'SLTO0A #2 :
1v G3ivY¥ ¥IA103Y (+) :
QYA 0ZL ISWHd ITONIS I« \ :
TTIIEITEITIIINITIIIIITIIII IS s s aas [HERAASRAASt CAATTETTE TENPIIN PN P

ANNOY¥D INIATING T i e B ]

0L GIANNOYD m

13NIBYD ¥31A1103Y /TV ‘ L AT i

"l e [

3 . ~ | » .

_ : ™ ~ T e T2 w 4

INIQTING NOHVIS 378vD NOIL2INNOD H o 8 A2 8 * 8 3
ONNON9 INLYOIN i A S|® |2 8 @ (€ 8 -
IdMAH 'ND OMY ¥ 'ON ! Pog = 2 : 2| gu M
WOLLOS YNVL MOT38 £ ; S |
031¥0071 SIGONV 40 dOL “SIAONY DIMYNID QIIVIIVd i -

#0f X o2 V3 #1 'GIAONNOYD 3DVIHNS QIALNBINISIO ’
(H P 0) b
)
(th o o) ¢ ¢

, ™~ SYISNIGSIA 378vD HIGVIH IdMNH 'ND OMY ¥ 'ON

33



ETL 1110-9- 10(FR)

5 Jan 91

2)

3)

Area of 3 tanks = 3 [2 x 3.14 x 42 +3.14 x 8 x 21.25]
= 1905 sq ft

Area per |lin ft of 2-in. pipe = 0.621 sq ft/ft (from
table A-2)

Total pipe area = 750 ft x 0.621 sq ft/ft = 466 sq ft
Total area = 1905 sq ft + 466 sq ft = 2371 sq ft

Check the current requirenent (l) using equation 1-1:

= (A(")(1.0-&)
Wer e:

A = 2371 sq ft (External tank and piping
surface area from pr evi ous
cal cul ation)

= 2 mMd/sq ft (Required current density
[ assuned])

G = 0.00 (Coating efficiency expressed in
decimal formfromitem 2 of paragraph
2-3a)

I = 2371 sq ft (2 mAsq ft) x (1.0 - 0.0)
I = 4742 mA or 4.7 anp.

The 4.7 anp woul d be reasonable for the facility if it
were insulated. The actual current requirenent of 8.2
anp occurs because of current loss to other
underground structures and is also reasonable in
relation to that calculated for an isolated facility.

Sel ect an anode and cal cul ate the nunber of anodes
required (N) to neet the design life requirenents.

Cal cul ations can be run on several size anodes, but in
this case 2-in. by 60-in. packaged rod anodes (rod
size = 0.125 in x 4 ft long) are chosen for ease of
construction. Usi ng equation 1-2, the nunber of
anodes required to neet the cathodic protection system
design |ife can be cal cul at ed:
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5)
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Wher e:

I = 8.2 anp (Current requirement fromitem
10 of paragraph 2-3a)

|, = 1.0 anps/anode (Current rating per
anode fromtable 3-3)

N = 8.2 = 8.2 anodes; use nine, 2-in.
1.0 by 60-in. packaged rod

anodes

Cal culate the resistance of a single anode-to-earth
(R) fromequation 1-6:

RA=_LDL
Wer e:
P = 4500 ohmcm (Soil resistivity from
item 1 of paragraph 2-3a)
K = 0.0234 (Shape function fromtable A-4
[where: L/d =60 in./2 in. = 30])
L = 5 ft (60 in.) (Effective anode
| engt h) .
d = 2 in. (Anode/backfill dianeter)
= 4500 x 0. 0234
5
Ry, = 21. 06 ohns

Cal culate the nunber of anodes required to neet
maxi mum anode groundbed resistance requirenent. A
di stributed anode array does not lend itself to an
exact cal cul ation of equation 1-11 because the anodes
are positioned at various |ocations and are not
| ocated in a straight line. Equation 1-11 assunes a
straight line configuration. However, to approximte
the total anode-to-earth resistance, equation 1-1i may
be used.
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6)

7)

R p P
_ A F
NN
Wher e:
Ry = G oundbed-to-earth resistance
Ry = 21.06 ohnms (Resistance of a single

anode-to-earth from the previous
cal cul ation)

p = 4500 ohmcm (Soil resistivity from
item 1l of paragraph 2-3a)

C = 10 ft (Estimated approxi mate spacing
of anodes)
P = 0.00212 (Paralleling factor from

tabl e 3-5; assune 9 anodes; reasoning
is the same as in step 5, paragraph

2-2b)

N = 9 anodes (Estimated nunmber of anodes
required; from step 3, par agr aph
2-2b)

Ry = 21. 06 + 4500 x 0.00212

9 10

Ry = 3.29 ohns.

Resi stance is too high. Additional calculations using
an increasing nunber of anodes (i.e., 11, 12, 13, 14,
etc.) have to be nmade; these cal cul ati ons show that
fourteen anodes wll vyield a groundbed-to-earth
resi stance of 2.26 ohns.

Sel ect the nunber of anodes to be used. The nunbers
determ ned are:

For life = nine anodes maxi mum required
For resistance = fourteen anodes nmaxi mum required

Therefore, the |arger nunber of anodes, fourteen, is
sel ect ed.

Determne the total <circuit resistance (RT) from
equation 1-3:
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b)

Wher e:
Ry = G oundbed resistance (ohmns)
Ry = Header cable/w re resistance (ohns)
R. = Structure-to-earth resistance (ohns).
G oundbed resistance (RN) fromstep 5.
= 2.26 ohns
Header cable/wre resistance (R) from equation 1-
15:
Lw Rie
_ W T
R 1000 ft
Wher e:

Ly = 150 ft (Effective cable length. The | oop
circuit makes calculating effective wre
resi stance conpl ex. Since current 1is
di scharged from anodes spaced all al ong the
cabl e, one-half the total cable |ength may
be used to appr oxi mat e t he cabl e
resi stance. Total cable length = 300 ft.
Ef fective cable length = % (300 ft) = 150
ft.)

Rer = 0. 254 ohm (This is the resistance per
1000 Iin ft of No. 4 AWG cabl e, which
has been selected for ease of
handl i ng.)

Ry = 150 ft x 0.254 ohm
1000 ft

Ry = 0.038 ohm wuse 0.04 ohm

ETL 1110-9- 10(FR)
5 Jan 91

Re= R+ Ry+ R

Structure-to-earth resistance.

Since the tanks and piping are essentially bare and

are not
resi stance may be consi dered negligi bl e.

R. = 0.

electrically isolated, structure-to-earth
Therefore
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d) Calculate total «circuit resistance (RT) from
equation 1-3:

Rr= R+ Ry+ R
Rr=2.26 + 0.04 + 0 = 2. 30 ohns

Since the design requirenments call for a nmaximm
groundbed resistance of 2.5 ohns and RT = 2.30
ohms, the design using fourteen 2-in. by 60-in.
packaged ceram c anodes w || work.

8) Calculate the rectifier voltage (Vg from equation
1-17:

Veee = (1) (Ry) (120%
Wer e:
| = 8.2 anmp (Current requirenent from step 2,
par agraph 2-3b)

R = 2.30 ohnms (Total circuit resistance from
previ ous cal cul ati on)

120% = Rectifier voltage capacity design safety
factor.

Veee = 8.2 anp x 2.30 ohnms x 1.2

Viee = 22.6 V
c. Select rectifier.
Based on the design requirenent of 22.6 V and 8.2 anp, a
rectifier can be chosen. A 12-anp, 24-V unit is selected

because this is the nearest standard commerci al si ze
avai l abl e.
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2-4. On- Grade Tank Bottons.

Four on-grade fuel oil storage tanks are to be constructed with the
configuration shown on figure 2-6. This design may be prohibited
i f secondary contai nnent uses a nonconductive nenbrane beneath the
t anks. The nenbrane would not allow the cathodic protection
current to flow fromthe renotely |ocated deep anode through the
nonconductive nenbrane to the tank bottons. If this situation
exists, a distributed anode design with the anodes | ocated between
the nenbrane and the tank bottons would have to be used. Al
piping will be above grade. To minim ze the extent of underground
cable, it was decided to use a deep anode groundbed, |ocated just
outside the spill containnent dikes. (Note: Sonme county, state,
or federal agencies such as the EPA may have regul ations that
affect the use of deep anode beds because they can provide a
conduit for the mxing of water between aquifer levels. In such
cases, regul ations have sonetines required cenenting of the annul us
bet ween the deep anode bed casing and the augered hole to prevent
this water mgration. The system designer should check with the
appl i cabl e agencies before conmmtting to a deep anode design
Figures 2-7, 2-7A, 2-8, and 2-8A illustrate a typical deep anode
groundbed using ceram c rod anodes. The tank bottons will|l be bare.
Al piping will be above ground. The tanks will be dielectrically
insulated fromthe structures. Field tests were nade at the site
and t he subsurface geol ogy was determned to be suitable for a deep
anode groundbed (reference 25).

a. Design data.
1) Soil resistivity at anode depth is 1500 ohm cm
2) Tanks are 75 ft in dianeter.
3) Design cathodic protection anodes for a 15-year life.
4) Design current density is 2 A per sq ft of tank bottom

5) Since the tanks are electrically isolated from each
other, intertank bonds will be required.

6) The cathodic protection system circuit resistance
shoul d not exceed 0.75 ohm

7) Electric power is available at a switch rack in an

uncl assi fi ed (nonexpl osion proof) area 125 ft fromthe
desired groundbed | ocation, 230 V AC, single phase.
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8) Since the exterior bottom of these type tanks are
al ways bare, the coating efficiency will equal 0.00.
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10" DIMETER PVC CASING, 23° LONG
l EXTENDED APPROXIMATELY 1 FT ABOVE GRADE

@‘/ - N
«———— CONDUTT GRADE

-

ﬁ)}

-ﬂ JQ \-——"———— ANCDE CABLES TO RECTFIER
A . - TOP OF COKE BREEZE
b o ’
70 TOP
ANODE  1us 6" DRILED HOLE BACKFLLED WITH
CALCINED FLUID PETROLEUM COKE

6 EACH 1/4” X 72" ROD CERAMIC ANODES

FACTORY MOLDED WATERPROOF CABLE-TO-ROD ANCDE CONNECTIONS
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Figure 2-7 Typical Daep Ancde Groundbed Using Rod Angles
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a————— 4 AWG HMW/PE JACKETED, HALAR OR KYNAR INSULATED
TYPE CP STRANDED COPPER CABLE

“ LEAD WIRE

|~ HEAT SHRINK ENCAPSULATION

STRANDED COPPER WIRE
/

| HYDRAULICALLY COMPRESSED
SPLICING SLEEVE

-— CPHbelNE RESISTANT CATALYZED VINYL ESTER
FPOXY ENCAPSULATION

- ' ANODE RODT—\

- ‘0.125", OR 0.250" DIA. CERAMIC ROD ANODE,
LENGTH AND DIAMETER AS SPECIFIED

Figure 2-7A Ceramic Rod Anode for Deep Groundbed Use
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VENT

CONDUIT TO RECTIFIER OR JUNCTION BOX OR
MOUNT JUNCTION BOX ON CASING.

CONCRETE PAD 3' X 3 X 4

TOP OF COKE COLUMN. USE CALCINED PETROLEUM
FLUID COKE, 5 OHM—CM OR LESS, 99% CARBON &
0.Imm MAX. PARTICLE SIZE. BULK DENSITY ABOUT
74 LBS/CU. FT.

HMWPE OR EPR/CSPE CABLE. FOR CHLORIDE
ENVIRONMENT CHOQSE CHLORINE GAS RESISTANT
CABLE SUCH AS PVDF /HMWPE, HALAR /HMWPE OR
USE CHLORINE GAS RESISTANT SHIELD. DUAL
_POWER FEED IS OPTIONAL ALTHOUGH NOT
ILLUSTRATED, ALL CABLES ARE OFTEN TAPED OR
N\ TE WRAPPED TO VENT PIPE.

5 EACH 40", 8 AMPERE TUBULAR STM.E CERAMIC
ANODE POWER RODS WITH FACTORY MOLDED MULTI-
SEAL SOLDER CONNECTION. 40 AMPERES TOTAL

VENT PIPE-~TD PREVENT GAS BULLD UP WHICH CAN
RESULT IN POOR CURRENT TRANSFER. GENERALLY
MADE OF TYPE 1 PVC WITH 0.008" MAX. (0.006".
PREFERABLE) SLOTTED OPENINGS iN A PATTERN TO
ALLOW 360 DEGREE VENTING ABWITY WHILE
PREVENTING COKE FROM ENTERING PIPE. THE
SLOTTED PORTION OF THE PIPE MUST EXTEND FROM
THE BOTTOM OF THE WELL TO AT LEAST 5 FT
ABOVE THE TOP ANODE (IN THIS DESIGN IT
EXTENDS 10 FT ABOVE THE TOP ANODE TO
CORRESPOND TQ TOP OF THE COKE COLUMN.) THE
VENT PIPE MUST BE TAPED OR TED TO THE
CENTRALIZER NO CLOSER THAN 1° TO THE

ANODE. THE BOTTOM END OF THE PIPE MUST BE
CAPPED. THE VENT PIPE CAN ALSO BE USED TO
WATER THE GROUND BED IF NEEDED.

] f——— ]

A o X Aa] B i hr

165 FEET

80 FEET

ANODE SPACING SEE DESIGN STEP 2-4.b.4.

5 EACH ANODE CENTRAUZERS (AT LEAST 1 FOR
EACH ANODE).

BALLAST WEIGHT IF REQUIRED
8" DIAMETER HOLE

10'

Figure 2-8 Ceramic Anode Tubular Power Rod Used in Deep Anode Bed.
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b. Conputati ons.
1) Find the surface area to be protected.

Area of each tank bottom= B r2
A = B x 37.52% = 4418 sq ft

Area of the four bottons:
A =4 x 4418 = 17,672 sq ft

2) Determne the current requirenent (1) from equation
1-1:

I = (A (1')(1.0-&)

Wer e:
A = 17,672 sq ft (Total surface area from
previ ous cal cul ati on)

= 2 mA/sq ft (Current density fromitem
4 of paragraph 2-4a)

C = 0.0 (bare) (Coating efficiency from
item 8 of paragraph 2-4a)

| = 17,672 sq ft x 2 mAsq ft x (1.0 -
0.0)

I = 35 anp

3) Select an anode and cal cul ate the nunber of anodes (N)
required to neet the design life. The deep anode
groundbed will consist of a series of rods connected to
a continuous header cable. For physical strength, the
1/8-in. or 1/4-in. dianeter rods are usually chosen. To
ensure good transm ssion of current in to the backfill
columm, long anodes, typically 6 ft or 8 ft are used.
For this exanple, 1/4-in. dianeter by 72-in. |long rods
have been chosen. Using equation 1-2:

N = |
I

Wer e:
| = 35 anp (Current requi r enent from
previ ous cal cul ati on)

|, = 6.6 anp/anode (Current rating per heavy
duty coated anode fromtable 3-3)

N = 35 = 5.3; use 6 anodes
6.6
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Cal cul ate the required length of the backfill colum.

Spaci ng between anodes depends primarily on the
resistivity of both the backfill colum (coke breeze).
If low resistivity calcined fluid petroleum coke is
used, than the spacing between rod anode (1/8-in. and
1/4-in. dianmeter) should not be greater than tw ce the
i ndi vidual rod |Iength. Based on previous design
experi ence, a spacing between anode rods of 11 ft is
sel ect ed.

The mninmum length of the backfill colum is then
cal cul ated as foll ows:
6 anodes at 6 ft per anode = 36 ft
Spaci ng between anodes: 5 at 11 ft = 55 ft
Space above and bel ow anode string* = 20 ft
Total length 111 ft

* Generally, the coke breeze colum extends from
10 ft bel ow the bottom anode to 10 ft above the top
anode as shown in figures 2-7 and 2-8.

Cal cul ate t he backfill colum-to-earth resistance

(Ry .

This can be done from equation 1-4. Because severa
attenpts may have to be made to obtain the required
groundbed resistance, the process is facilitated by
using the curves in figures 2-9A through 2-9C. Typi cal
hole dianeters are 6 or 8 in.; a 6-in. dianmeter hole
has been selected for this groundbed. Figure 2-9C wi ||
be used for this design.

Figure 2-9C shows that, for a 111-ft |ong coke breeze

backfill colum, the resistance to earth per 1000 ohm
cmis 0.31 ohm In 1500 ohmcmsoil, the resistance
is 0.31 x 1500/ 1000 = 0.47 ohm (groundbed resistance in
1000 ohmcmsoil, tinmes actual soil resistivity in ohm
cm per 1000). This is well below the design

requi renment of 0.75 ohm

Determne total circuit resistance (RT) from equation
1-3 :

R = R, + Ry + R. (Because the cathodic
protection system utilizes a single
deep anode groundbed R, = R)
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Wher e:
Ry = Backfill colum-to-earth resistance
(ohms), calculated in step 5 above
Ry = Header cable/wi re resistance (ohns)
R = Structure-to-earth resistance (ohns).
Backfill colum-to-earth resistance (RA) fromstep
5:

Ry, = 0.47 ohm
Wre resistance

A deep anode groundbed is defined as one where the
top of the backfill colum is at |east 50 ft bel ow
the surface of the earth. Actual depth wll vary,

dependi ng on subsurface geology and the distance
over which the current is expected to spread. In
this exanple, 65 ft was selected as the depth to
the top of the coke breeze colum. The anodes can
be supplied through a single or dual feed. Dua

feed is preferred to reduce both the resistance of
the circuit and the chance of a failure due to a
cabl e break.

No. 4 AWG cable has been chosen. Cabl e | engths
have been calculated based on the follow ng
di st ances, illustrated in the deep groundbed
exanpl e shown in figure 2-7
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From grade to top of backfill colum 65 ft
Fromtop of backfill colum to
t op anode 10 ft

From grade to bottom of backfil
col um 176 ft

From bott om anode to bottom of
backfill col um 10 ft

From anode hole to rectifier 2
cables at 125 ft 250 ft

Fromtop of anode assenbly to
bott om of anode assenbly 91 ft

Total cable length fromtop anode
feed to rectifier 125 ft +
65 ft + 10 ft= 200 ft

Total cable length from bottom
anode feed to rectifier
125 ft + 176 ft - 10 ft = 291 ft

Calculate top cable resi stance (Rw) from
equation 1-15:

Lyr Rie
_ W MFT
R~ To00 ft
Wher e:
Lur = 200 ft (Cable length from previous
cal cul ation)

Rver = 0. 254 ohm (Resistance per 1000 lin ft
of No. 4 AWG cable which has been
selected for installation. These
resistance values can be found in
table 3-6).

Ror = 200 ft x 0.254 ohm = 0.051 ohm
1000 ft
Cal cul ate bottom cable resistance (Rw) from

equation 1-15:
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Wher e:

Lve = 291 ft (Cable length from previous
cal cul ation)

Rver = 0.254 ohm (Cable resistance per 1000
lin ft [sane as above])

R = 291 ft x 0.254 ohm = 0.074 ohm

1000 ft

These two cables are in parallel, so that their wre
resistance (Ryg) 1is calculated from the |aw of
parallel circuits:

1 = 1 + 1
Rrs R R
1 = 1 + 1
Rr/s 0.051 0.074
1
R,s = 19.6 + 13.5 = 33.1

Rys = 0.030 ohm

Since current is dissipating along the portion of the
cable to which the anodes are connected, the
resistance of this cable (Ryxg) iIs taken as one half
its total resistance as was done in exanple 2-2.

Ry - LwRer 1 _ 91ft+x0 254 ohmft 1
s 1000 ft 2 1000 ft 2
*91 ft is the overall anode colum Ilength including the

i nterconnecting wire fromthe top of the top anode to the bottom
of the bottom anode (see item 4 from paragraph 2-4b.)

Rees = 0.012 ohm

Negative «circuit wre resistance must also be
cal cul at ed:

Negative cable fromrectifier to closest tank = 125 ft
of No. 4 AWG

I ntertank bonds = 170 ft of No. 4 AWG®
**The two intertank bond circuits are in parallel and of about the
sane length. Fromthe |law of parallel circuits, total resistance

of two parallel circuits of equal resistance is one half the
resi stance of each circuit.
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Therefore, one half the cable length is wused in this
calcul ation. The calculation is also conservative since not
all the current flows through the conplete intertank bond
circuit.

Total ft of negative circuit wwre = 295 ft of No. 4 AWG cabl e

Negative resistance if calculated from equation
1-15:

Lw Rer

Rvec = 1000 Tt
Wer e:
Lw = 295 ft (Negative cable |ength)
Rer = 0. 254 ohm (Negative cable resistance
per 1000 un ft of No. 4 AW cable
[table A-6])
Res = 295 x 0.254
1000
Rec = 0.074

Total wire resistance therefore is:

Ry = Rpyg + R + Res = 0.030 + 0.012 + 0.074

Ry = 0.116 ohm

Cabl e insulation is also inportant. Hi gh
nmol ecul ar wei ght pol yet hyl ene i nsul ati on,

comonly used for cathodic protection work, tends to
blister, becone brittle, and then crack in deep
groundbed use where chlorine gas generation can occur.
Thi s has been nost preval ent in open hol es containing
brackish water, but may occur in coke breeze
backfilled holes al so. Consequently, to mnimze the
chances of cable failure, one of the two follow ng
types of insulation, which show good resistance to
t hese oxi di zi ng environnments shoul d be used:

Pol yvi nyl i dene fluoride (Kynar)?

! Regi stered trademark of Penwalt Corp.
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Copol yner of chlor-tri-fluorethylene and ethyl ene
(Hal ar)?
To pr ot ect t he i nsul ation itself and to

facilitate handling, cables for deep anode
groundbeds also have an outer jacket of high-
nmol ecul ar wei ght pol yet hyl ene extruded over the
Kynar or Hal ar insul ation.

c) Structure-to-earth resistance (R).
Si nce t he t ank bot t ons are bar e, their
resi stance-to-earth is considered negligible,
therefore, R.is taken as zero.

d) Calculate total circuit resistance (RT) from
equation 1-3:

Ri = R+ Ry+ R

R =0.470 + 0.116 + 0.0

R, = 0.586 ohm

This is well below the design requirenent and,
therefore, this groundbed with 6 - 1/4 in. by 6 ft
ceramc anode rods wth total backfill colum
length of 111 ft wll be used.

7) Calculate rectifier voltage (Vo fromequation 1-17:

Veee = (1) (Ry) (120%

Wer e:
I = 35 amp (Current requirenment from step
2, paragraph 2-4b)
R = 0.586 ohm (Total <circuit resistance
from previous cal cul ati on)
120% = Rectifier capacity safety factor
Veee = 35 anp x 0.586 ohm x 120%
Veee = 24.6 V

c. Select rectifier.

2 Regi stered trademark of Allied Chem cal Corp.
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Based on the design requirenment of 24.6 V and 35 anp, a
rectifier can be chosen. A 30 V, 42 anpere unit is
commercially available and is selected. This rectifier can
be pole nmounted as illustrated in figure 2-10.

d. Installation.

Figures 2-7 and 2-8 show this deep anode desi gn.
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SERVICE ENTRANCE WEATHERHEAD

ﬁ—A.C. POWER LINES FROM

LOCATION SPECIFIED

e——— TREATED SOUTHERN YELLOW
PINE POLE, HEIGHT AND CLASS

AS SPECIFIED

1" GRS CONDUIT CONTAINING

A.C. POWER LEAD WIRES

A.C. POWER DISCONNECT SWITCH IN NEMA 3R ENCLOSURE

/_ 5/8" x 6" CARRIAGE BOLT THRU

RECTIFIER "U" MOUNTING CHANNEL AT TCP & BOTTOM
CATHODIC PROTECTION RECTIFIER

1" GRS CONDUIT

© D.C. POSITIVE (+) POWER LEAD WIRE
TO CERAMIC ANODE GROUNDBED

Hapl DIRECT BURIED 2’ BELOW GRADL

EXISTING GRADE

DIRECT BURIED 2' BELOW GRADE

<«—— 10’ LONG DRIVEN COPPER GROUND ROD WITH MINIMUM
#4 AWG STRANDED COPPER LEAD WIRE CONNECTED TO

SAFETY GROUND LUG ON RECTIFIER CABINET

Figure 2-10 Pole—Mounted Rectifier
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2-5. (Gas Distribution System

It has been decided to install cathodic protection on the gas
distribution piping in a post housing facility. Figure 2-11 shows
a portion of the piping.

The water distribution system has recently been replaced wth
nonnetallic pipe. On this basis, it has been decided that the gas
pi ping can be protected with inpressed current from a deep anode
groundbed wi thout causing interference to the water pipe. (Note:
Sone county, state, and federal agencies such as the EPA may have
regul ati ons which prevent the use of deep anode beds because they
can provide a conduit for mxing of waters between aquifer |ayers.
In such cases, regul ations have required cenenting of the annul us
bet ween the deep anode bed casing and the augered hole to prevent
this water mgration. The system designer should check with the
appl i cabl e agencies before commtting to a deep anode design.)

a. Design data.

1) Experience in the area shows the subsurface
resistivity at a depth of 50 and 200 ft to be 2000 ohm
cm

2) Piping consists of:
28,000 ft of 1 1/4-in. dianeter pipe
1,200 ft of 4-in. dianeter pipe
3,600 ft of 6-in. dianmeter pipe

3) Design cathodic protection anode for a 20-year life.

4) Experience with simlar pipe in the sane general soi
type has shown that a design current density of 2 A per
sq ft of bare pipe is conservative.

5) Piping is welded steel, poorly coated; considered to be
bare for protection purposes and, therefore, the
coating efficiency is 0.0 (CE = 0.0).

6) Piping is isolated at each house and at the tie-in to
the main supply Iine.

7) The cathodic protection circuit resistance should not
exceed 1 ohm

8) 120/240 V AC, single phase power is avail able.
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Current requirenent tests are not practiced in this
case, so design will be based on cal culations. (Note:
Current requirenent tests should be conducted whenever
practicable.)
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b. Conputati ons.

1) Calculate the external surface area of the pipe (A to
be protected.

Unit Area*
Pi pe dianeter Length (sq ft/lin ft) Area (sq ft)
1 1/4 in. 28,000 ft 0.434 12,152
4 in. 1,200 ft 1.178 1,414
6 in. 3,600 ft 1.734 6, 242
*fromtable A2 Tot al 19, 808

2) Determne current requirenment (I) fromequation 1-1:

L= (A0")(.0-&)

Wher e:
A = 19,808 sqg ft (Surface area of pipe to
be protected from previous cal cul ation)

= 2 mMdV/sq ft (Current density, fromitem
4, paragraph 2-5a)

C = 0.0 (Coating efficiency [bare pipe])
I = 19,808 sq ft x 2 mM¥sq ft x (1.0 - 0.0)
I = 39,616 mA or 39.6 anp; use 40 anp

3) Select an anode and calculate the nunber of anodes
required (N) to neet the design life. For this
design, tubular anodes have been chosen. The
groundbed will consist of a series of anodes attached
to a continuous header cable. A typical size tubular
ceram ¢ anode used in deep anode beds, 1-in. dianeter
by 39.4 in. long, is selected. The nunber of anodes
are determ ned using equation 1-2:

N = |
| A
Wer e:
| = 40 anp (Current requi renment  from
previ ous cal cul ati on)
|, = 8.0 anp/anode (Current rating per anode

fromtable 3-3 [in coke breeze])
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4)

5)

6)

N = 40 = 5 anodes
8

To allow a factor of safety, use 6 anodes
Cal cul ate the required length of the backfill colum.

The maxi mum al | owabl e spaci ng between anodes depends
primarily on the resistivity of the backfill colum
(coke breeze). For tubul ar anodes of Y»in. dianmeter or
greater, maxi mum spacing between anodes should not
exceed four tinmes the anode tube |ength. For this
example, we will try the maxi num al | owabl e spaci ng of
13 ft (39.4 in. x 4/12 = 13.1 ft).

The mnimum length of the backfill colum IS

cal cul ated as:

6 anodes at 39.4 in. (3.3 ft) = 19.8 ft

Spaci ng between anode: 5 at 13 ft = 65.0 ft

Space above and bel ow anode string* 20.0 ft
Total |ength 104.8 ft

(use 105 ft)

* Cenerally, the coke breeze colum extends from 10 ft bel ow the
bottom anode to 10 ft above the top anode.

Cal cul ate t he backfill colum-to-earth resistance

(Ry .

This can be done from equation 1-4. Because severa
attenpts may have to be made to obtain the required
resi stance-to-earth, the process is facilitated by
using the curve in figure 2-9C Typi cal hole
di aneters are 6 or 8 in.; a 6-in. dianeter hole has
been sel ected for this groundbed.

Fromfigure 2-9C for a 105 ft |ong coke breeze backfil
colum, the resistance to earth per 1000 ohmcm is
0. 325 ohm In 2000 ohmcm soil, the resistance is
0.325 x 2 = 0.65 ohm which is below the design
requi renent defined in item 7 of paragraph 2-5a.

Determne total circuit resistance (R;) from equation
1-3:
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Rr = R\ + Ry + R. (Because the cathodic protection
system uses a single deep anode groundbed R, = R)

Wer e:
Ry = Backfill colum-to-earth resi stance
(ohns) .
Ry = Wre resistance (ohns).
R. = Structure-to-earth resistance (ohns).
a) Backfill colum-to-earth resistance (R) from
step 5.

Ry, = 0. 65 ohm

b) Wre resistance (R) from general equation 1-15:

Lw Ry
- W OWeT
"W 1000 1

A deep anode groundbed is defined as one where the top
of the backfill colum is at least 50 ft below the
surface of the earth. Actual depth wll vary,
dependi ng on subsurface geol ogy and the di stance over
which the current is expected to spread. In this
exanple, the depth to the top of the coke breeze
backfill colum was determned to be 100 ft. The
anodes can be supplied through a single or dual feed.
Dual feed is preferred to reduce both the resistance
of the circuit and the chance of a failure due to a
cabl e break.

The assenbly is nmade on a single length of cable,
begi nning at the rectifier, running down through the
tubul ar anodes to the bottom anode and then back up
adj acent to the anodes to the rectifier. Resistance
calculations are nmade as though there were three
cables as noted below. The conductor provided with
sone tubul ar ceram c anodes is designated EPR HY50 for
one-in. dianeter anodes and EPR/ HYl16 for 0.63-in.
di aneter anodes. These cables have an ethylene-
propyl ene r ubber i nner i nsul ation and a
chl or osul phonat ed pol yet hyl ene outer jacket and are
suitable for deep anode use if the insulation is
protected with a chlorine-resistant sheath or shield.
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EPR/ HY50 cable has been chosen. The cable
| engths have been calculated based on the
followi ng distances, which are illustrated in the

deep groundbed exanpl es shown in figures 2-12 and
2-13:

Fromgrade to top of backfill colum 100 ft
Fromtop of backfill colum to top anode 10 ft
From grade to bottom of backfill colum 205 ft
From bott om anode to bottom of backfill

col um 10 ft
From anode hole to rectifier 2 cables

at 10 ft 20 ft
Fromtop of anode assenbly to bottom of

anode assenbly 85 ft

Total cable length fromtop anode feed

to rectifier 10 ft + 100 ft + 10 ft = 120 ft
Total cable Iength frombottom feed
torectifier 10 ft + 205 ft - 10 ft = 205 ft
Calculate top cable resistance (Ry) from
equation 1-15:
Lur Rue
_ WI T
Rur 1000 ft
Wer e:
Lwe = 120 ft (Cable length from
previ ous cal cul ati on)
Rer = 0. 1183 ohm (Resi stance per 1000
lin ft of EPR/ HY50 [table 3-6])
Ry = 120 ft x 0.1183 ohm = 0.014 ohm
1000 ft

Calculate bottom cable resistance (Rg from
equation 1-15:

VWher e:

Le = 205 ft (Cable length from
previ ous cal cul ati on)
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Rer = 0. 1183 ohm (Cabl e resi stance per
1000 Iin ft [sane as above])

Re = 205 ft x 0.1183 ohm = 0. 024 ohm

1000 ft

These two cables are in parallel, so that tota
resistance (Ryg) 1Is calculated from the |aw of
parallel circuits:

1 = 1 + 1
Rrs R R

1 = 1 + 1

R & 0.014 0. 024
1

R,s = 71.43 + 41.66 = 113.1

Ry = 0.009 ohm

Since current dissipates along the portion of the
cable to which the anodes are connected, the
resistance of this cable (R.g) IS taken as one half
its total resistance, as was done in exanple 2-2.

Ry - LwRer 1 _ 85x0.1183 ohmft 1
% 1000 ft 2 1000 ft 2
Res = 0. 005 ohm
Negative cable resistance: The rectifier is

pl aced 25 ft from the connection to the piping
using No. 4 AW HMWAPE insul ated cabl e. Negati ve
resi stance is calculated fromequation 1-15:

Lw R
_ W VT
Ries 1000 ft

Wer e:
Lw =
25 ft (Length of cable)
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7)

Rer = 0. 254 ohm (Resi stance per 1000
lin ft of No. 4 AW HWWPE
i nsul ated cable [table A-6])
Res = 25 x 0.254
1000
Res = 0. 006 ohm

Total wire resistance therefore is:
Ry s + Rogs + Rec = 0. 009 + 0. 005 +

0.020 ohm
c) Structure-to-earth resistance (R).

The piping is essentially bare, so structure-to-
earth resistance is negligible (R. = 0.0).

d) Calculate total circuit resistance (R from
equation 1-3:

R = RR + Ry + R. (Because the cathodic
protection system uses a single deep
anode groundbed R, = R)
R = 0.65 + 0.020 + 0.0
R = 0.670 ohm
Cal cul ate rectifier voltage (Vge fromequation 1-17:

Veee = (1) (Ry) (120%

Wer e:
Il = 40 anp (Current requirenment fromstep
2, paragraph 2-5b)
R = 0.670 ohm (Total <circuit resistance
from previous cal cul ati on)
120% = Rectifier voltage capacity design

safety factor
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40 amp x 0.670 ohmx 1.2

VREC

32.2 V

VREC
Select rectifier.
Based on the design requirenent of 32.2 V and 40 anp, a
rectifier can be chosen. A 36-V, 50-anp unit is
comercially avail able and is sel ect ed.
I nstall ation.

Figures 2-12 and 2-13 show how the deep anode groundbed
m ght | ook.
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10"

-

DWA. PVC CASING, 23 LONG EXTENDED APPROX. I ABOYE GRADE

I'x I'X 4"

GRADE ———

CONCRETE PAD —l

100

ANODE CABLES TO RECTFIER

.

TOP OF COKE BREEZE

10
10 ToP
ANGCDE
y

6 EACH 1'X 39.4" TUBULAR CERAMIC ANODES

-!—-— ANODE CENTRALIZER
[

tlonginosmmngifomn

i

DUAL FEED EPR/HY 50 CABLE-LOOP CONDUCTOR

205’
a5

Jrnnoensnaingn

oy

'
b

10

TEFLON SEAL AT END OF EACH ANODE

—
13 TYPICAL
L

by 1”7 PVC VENT TUBE.
PERFORATED IN COKE BREEZE
AREA WITH 1/16 X 1/2* SLITS
ON 1* CENTERS BOTH

SIDES OF PWE

COKE BREEZE BACKFLL, 5 OHM CM OR LESS

3 1

[llllIIIIIIIlIII*IIIIIIIIIIIIIIIIIIII

TO BOTTOM
oF
ANQDE

TO BOTTOM
oF
ANODE

A rg—
]
[}

10 LB. BOTTOM WEIGHT FASTENED v

TO BOTTOM ANODE ASSEMBLY

— G

OWMMETER HOLE

Figure 2-12
Anodes

Typical Deep Anode Groundbed Using Tubular
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10" PVC - T oo
CASING ~— VENT
1 FT CONDUIT TO RECTIFIER OR JUNCTION BOX OR
ABOVE MOUNT JUNCTION BOX ON CASING.
GRADE
[=] .
=

- .l CONCRETE PAD 3’ X 3' X 4

TOP OF COKE COLUMN. USE CALCINED PETROLEUM
FLUID COKE. 5 OHM—CM OR LESS, 99% CARBON &
0.fmm MAX. PARTICLE SIZE. BULK DENSITY ABOUT
74 LBS/CU. FT.

HMWPE OR EPR/CSPE CABLE. FOR CHLORIDE
ENVIRONMENT CHOOSE CHLORINE GAS RESISTANT
CABLE SUCH AS PVDF /HMWPE, HALAR/HMWPE OR
\ USE CHLORINE GAS RESISTANT SHIELD. DUAL
POWER FEED IS OPTIONAL ALTHOUGH NOT

i ILLUSTRATED, ALL CABLES ARE OFTEN TAPED OR

' \ TIE WRAPPED TO VENT PIPE.
§ EACH 394, 8 AMPERE TUBULAR STYLE CERAMIC

i ANODE POWER RODS WITH FACTORY CABLE SEAL AND
\ CONNECTION. 48 AMPERES TOTAL

; VENT PIPE——TO PREVENT GAS BUILD UP_ WHICH CAN
' RESULT IN POOR CURRENT TRANSFER. GENERALLY
MADE OF TYPE t PVC WITH 0.008" MAX. (0.006"
PREFERABLE) SLOTTED OPENINGS N A PATTERN TO
ALLOW 360 DEGREE VENTING ABILITY WHILE
PREVENTING COKE FROM ENTERING PIPE. THE

— SLOTTED PORTION OF THE PIPE MUST EXTEND FRCOM
THE BOTTOM OF THE WELL TO AT LEAST 5 FT
ABOVE THE TOP ANODE. (IN THIS DESIGN IT
EXTENDS 10 FT ABOVE THE TOP ANODE [0
CORRESPOND TQ TOP OF THE COKE COLUMN.) THE
VENT PIPE MUST BE TAPED OR TIED TO THE

—~ CENTRALIZER NO CLOSER THAN 1" TO THE

ANODE. THE BOTTOM END OF THE PIPE MUST BE
CAPPED. THE VENT PIPE CAN ALSO BE USED TO
WATER THE GROUND BED IF NEEDED.

10’

205 FEET

85 FEET

ANODE SPACING SEE DESIGN STEP 2-4.b.4.

6 EACH ANODE CENTRALIZERS (AT LEAST 1 FOR
EACH ANODE).

=] L BALLAST WEIGHT IF REQUIRED
& DIAMETER HOLE

Figure 2-13 Ceramic Anode Tubular Power Rod Used in Deep Anode Bed
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2-6. Elevated Water Tank (lce |Is Expected).

| npressed current cathodic protection is designed for an el evated
water tank (figure 2-14). The tank is already built and current
requi renent tests have been done. Anodes nust not be suspended
fromthe tank roof because heavy ice (up to 2 ft thick) covers the
wat er surface during winter. The anode cables could not tolerate
this weight, so another type of support must be used. An
internally supported hoop shaped wire anode systemis sel ected.

a. Design data.

1) Tank is a pedestal supported spheroid with a 10-in.
riser pipe. Only the bowl wll be protected because
the riser pipe is less than 30 inches in dianeter. For
ri ser pipes see section 2-7.

2) Tank di nensions are:

Capacity = 400, 000 gal

D ameter of bow = 51 ft 6 in.

H gh water depth = 35 ft

Hei ght of bow above ground = 100 ft

3) Water resistivity is 2000 ohm cm

4) Design cathodic protection anodes for a 15-year life.

5) Wre type ceram c anode will be used.

6) Wetted surfaces are uncoat ed.

7) Area above high water level is kept well coated.

8) Tank is subject to freezing.

9) The cathodic protection circuit resistance nust not
exceed 2 ohns.

10) The available electrical power is 120/240 V AC, single
phase.

11) Based on structure current requirenent testing
recently perfornmed on this tank, the current required
for adequate cathodic protection is 25 anp. This high
current requirenent indicates that the tank internal
coating is severely deteriorated.

b. Conputations.
70



1)

2)

3)

ETL 1110-9- 10(FR)
5 Jan 91

Cal culate the length of wire in ft (LB) needed for the
current required froma nodification of equation 1-2:

Lg = I
| A
wher e:
| = 25 anp (Current requirenment from
adequate cathodic protection from
item 11 of paragraph 2-6a)
| A = Al | owabl e anp per ft of anode wre

(varies depending on desired anode
life and dianmeter), found in table
A- 3.

Sel ect 0.0625-in. dianeter copper cored anode
wi re based on the current requirenent of 25 anp,
81 ft of anode wire will be required to provide
an anode life of 15 years.

Length of Anode Ring
Wre D aneter ()

For 0.0625 in. Lg = 25 = 81 ft 25 ft 9 in.
0.31

Cal cul ate the desired dianeter of the anode wire ring
(Dy) . Experience shows that the dianeter of the anode
wire ring should be between 40 and 70 percent of the
bow dianeter. For this exanple, use a hoop dianeter
equal to 40 percent of the tank bow dianeter:

D = 51.5 ft x 40% = 20.5 ft
Sel ect anode wire:

Prior to calculating the circuit resistance of the
anode wire ring, it nust first be checked to determ ne
if the length is adequate for the desired anode life.
For an anode ring dianmeter of 20.5 ft, t he
circunference is 20.5 x B = 64.4 ft. This length is
i nadequate for the 0.0625-in. wire (which requires a
mnimum of 81 ft to neet the desired anode life)
Therefore, we wll increase the hoop dianeter by 10
percent to 50 percent of the tank dianeter:

D = 51.5 x 50% = 25.75 ft
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RA:

4)

But this dianeter provides an anode length that is
still slightly less than that required for a 15-year
node life. Therefore, we will use a hoop dianeter
that is 55 percent of the bow dianeter:

D = 51.5 x 55% = 28.3 ft

Cal cul ate the anode-to-water resistance (R) for a
0.0625-in. dianeter anode wi re using equation 1-14:

8 D 2 D
RA::.9;99E§_B (1n R 4 1n R)
Dy A H
Wher e:

p = 2000 ohmcm (Water resistivity from
item 3 of paragraph 2-6a)

D = 28.3 ft (Anode ring dianeter from
step 2 of paragraph 2-6b)

D. = 0. 00521 ft (0.0625 in)(D anmeter of
anode determned in step 3 of
par agraph 2-6b)

H = 21 ft (Anode depth below water
surface.) (Anode depth determ ned
fromthe follow ng cal cul ations).

The anode depth below the high water line 1is

approxi mately 60 percent of the distance between the
hi gh water line and the bottom of the tank. Wt er
depth = 35 ft, cf. design data section 2-6a.

Cal cul ate Ra

0. 0016 (2000) [In 8 x 28.3 +1In 2 x 28.3 ]

28.3 0. 00521 21
Ry, = 0.113 [In 43,455 + I n 2.70]
R, = 0.113 (10.68 + 0.99)
Ry, = 1.32 ohns

This is within the design limtation of 2.0 ohns.
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Determine the total circuit resistance (R,
equation 1-3:

Rr= R+ Ry+ R
Wher e:
Ry = Anode-t o-wat er resistance
Ry = Wre resistance
Re = Tank-t o-wat er resi stance.
a) Anode-to-water resistance (R) = 1.32 ohns

from

from

step 4 above. (Ry = Ry since R, is equal to one

conti nuous w re anode).

b) Header cable/wire resistance (R) is solved using

equation 1-15:

Lw R
_ W T
"W 1000 ft

Lw= 115 ft (Effective wire |ength.
positive wires from the rect
to each end of the anode ci

The
fier
rcle

will be approximately 115 ft | ong)

Rer = 0.51 ohm (Effective wire resist

ance

per 1000 lin ft. Since there are

positive wires from the rect
to each end of the anode cir
each wire wll carry about one
of the current [12.5 anp].
wires selected are No. 10
Because the tw wres are
parallel, the effective resist
is one half the single

fier
cl e,
hal f
The
AVG.
in
ance
wWre

resi stance [1.02 ohns per 1000 lin

ft/2 = 0.51 ohni)

Ry = 115 ft x 0.51 ohm
1000 ft
Ry = 0.06 ohm

c) Tank-to-water resistance (R) and negative

circuit resistance.

The negative wire is connected to the
structure near the rectifier, so its resist
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is negligible. The tank-to-water resistance is
al so negligible because the coating is very
det eri or at ed.
d) Cal cul ate Ry

R =1.32 + 0.06 + 0.00
R, = 1.38 ohns
This is well below the design requirenent.

6) Calculate rectifier voltage (Vg fromequation 1-17:

Veee = (1) (RT) (120%

Wer e:
= 25 amp (Current requirenent from
step 11, paragraph 2-6a)

Ry = 1.38 ohns (Tot al circuit
resi stance from previ ous
cal cul ation)

120% = Rectifier voltage capacity design
safety factor

Vree = 25 anp x 1.38 ohns x 1.2

Vrec = 41.4V

Sel ect rectifier.

Based on the design requirenments of 41.4 V and 25 anp, a
commercially available 48-V, 28-anp unit is selected. To
prevent over- or under-protection as the water |evel
varies, automatic potential control is specified. The
tank-to-water potential is maintained by the controller
through two permanent copper-copper sulfate reference
el ectrodes suspended beneath the anode wire circle. The
reference electrodes should have a |life of at least 5
years. The tank-to-water potential neasured by the
controller should be free of IR drop error.
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| nstal |l ati on.

Figure 2-14 shows a typical installation while figure 2-14A
provides a typical detail for a pressure entrance fitting
for underwater power and reference cell wre penetrations.
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6 ~ COATED STEEL CLEVISES WELDED - 29 -
TO TANK ACCESS TUBE 1
1 = S/16" POLYESTER ANQDE
SUPPORT ROPE
. § - 1" x 12° LONG Sch. 80 PVC

ANODE HOOP PIPE SUPPORTS

1 = 0.0625 DIA. CERAMIC WIRE
ANODE SPIRALED AROUND
POLYESTER SUPPORT ROPE

0.C. POSTVE POWER FEED WITH
WATERPRQOF SPLICE TO ANQDE WIRE

»a—— TANK ACCESS HATCH AND VENT

/ i T~ ACCESS TUBE
Hwh i \

51 & DA, TANK

35

[ 29° W

2 - PERMANENT
REFERENCE ELECTRODES

LWL

PRESSURE ENTRANCE
JUNCTION BOX

NOTE: RISER PIPE IS LESS THAN
30" DIAMETER AND IS THEREFORE
NQT CATHODICALLY PROTECTED

TWO 1/2" DiA. CONDUITS SPACED
MINIMUM 1 FOOT APART WITH
1 = #10 AWG ANODE LEAD WIRE

} IN SINGLE CONCUIT WITH
: 2 - #18 AWG REFERENCE CELL
LEAD WIRES IN QTHER CONOUIT
117/60/1 UNOERGROUND AUTOMATIC POTENTIAL CONTROLLED
A.C. POWER INPUT — CATHODIC PROTECTION RECTIFIER
p A—

100

<&

28 AMPS AT 48 VOLT D.C QUTPUT
FOR 117/60/ 1 PHASE A.C. INPUT

Figure 2-14 Elevated Padestal Tank (Icing Conditions)
With Hoop Ceramic Ancde
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2-7. Elevated Water Tank (No Icing WIIl GCccur).

This inpressed current design is for a tank (figure 2-15) that has
not been built; thus, it is not possible to nmeasure current
requi renents and other factors. Calculated estinmates are used.

a. Design data.
1) Tank will be ellipsoidal on both top and bottom
2) Tank dinensions wll be:

Capacity = 500, 000 gal

D ameter = 56 ft

Tank height (fromground to bottom of bow) = 115 ft
Overall tank depth = 39 ft

Vertical shell height = 11 ft

H gh water level = 35 ft

Ri ser pipe dianmeter = 5 ft

3) Water resistivity is 4000 ohm cm
4) Design for a 20-year life.
5) The tank water will not be subjected to freezing.

6) Segnmented rod anodes will be used; 4-ft long by 0.138-
in. dianmeter. Note: Segnented rods have an advant age
in that they can be field assenbl ed using factory-mde
connecti ons. On the other hand, continuous wre
(.0625-in. dianeter) is also available in long | engths
(typically 500 ft). These can be fabricated with
factory-made wire connections but their overall |ength
nmust be specified. Continuous wire will al nost always
be | ess expensi ve.

7) Al wetted inner surfaces wll be uncoated. Area
above water will be coated.

8) Eectric power available will be 120/240 V AC, single
phase.

9) Design for a current requirenent of 2.5 A per sq ft
for the bowl and 8.0 A per sq ft for the riser. Due
to the velocity of the water in the riser, the riser's
current requirement is typically nmuch higher than the
bow .
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b. Conputations.

1) Find the area of wetted surface or tank bow (A) shown
in figure 2-16 from equation 2-1:
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SUPPORT CLEVIS WITH g
ADJACENT HANDHOLE ACCESS PORT § VB CONDULET ENTRANCE FITTINGS

TANK ANODES

PERMANEM‘:N - STUB ANODES
REFERENCE N | I //
ELECTRODES
& —”A ~— THREE DC POSITIVE ANODE FEED
CONDUCTORS IN CONDUIT
THREE REFERENCE CELL WIRES
IN SEPARATE CONDUIT

(SPACED APART FROM D.C.
POSITVE CONDUIT RUN BY 1" MIN.)

RISER ANODE

A.C.

/ SAFETY SWITCH

AUTOMATIC POTENTIAL CONTROL
RECTIFIER MOUNTED ON TOWER LEG
3 AUTOMATIC CIRCUITS
" 40 VOLTS, 42 AMPERES TOTAL
0.C. QUTPUT CAPACITY FOR
120 VAC. SINGLE PHASE INPUT

RECTIFIER NEGATVE WELDED
PERMANENT TO TOWER LEG

REFERENCE :

ELECTRODE

L 120/60/ 1 PHASE A.C. SUPPLY

Figure 2-15 Elevated Water Tank Showing Rectifier and
Anode Arrangement
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A=A+ A+ A (eq 2-1)
VWher e:
A = Wetted area of the top section
Ac = Area of the center section
A; = Area of the bottom section.

a) Find the appropriate wetted area of the top
section (A;) using equation 2-2:

Ar = 2Brh (eq 2-2)
Wer e:
r = 28 ft (Tank radius)
h = 10 ft (Water height)
Ar = 2 x 3.1416 x 28 ft x 10 ft
A = 1759 sq ft (approximate).

b) Find the wetted area of the center section (A)
usi ng equation 2-2:

Ac=2Brh (eq 2-2)
r = 28 ft (Tank radius
h = 11 ft (Water height)
Ac = 2 x 3.1416 x 28 ft x 11 ft
A = 1935 sq ft

c) Find the wetted area of the bottom section (Ag)
from equation 2-3:

Ay =yV2ZxAxr xyh?+r? (eq 2-3)

Wer e:
28 ft (Tank radi us)
14 ft (Water height)

A, = {2 x 3.1416 x 28 x y/(14)? + (28)°

Ag = 3894 sq ft
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d) Cal cul ate (A):

A
A

1759 sq ft + 1935 sq ft + 3894 sqg ft
7588 sq ft

2) Find the riser pipe area (Ag using equation 2-2:

Ar = 2 B rg hg (eq 2-2)
Wher e:
re = 2.5 ft (R ser radius)
h, = 115 ft (Height of riser)
Ar = 2 x 3.1416 x 2.5 ft x 115 ft

A = 1806 sq ft

3) Find the maxi numdesign current for the tank bow (1)
usi ng equation 1-1:

= (A (1) (1.0 - &)

Wer e:

A = 7588 sq ft (Total wetted area of
tankbowl from step 1 of paragraph
2-7b)

o= 2/5 mdVsgq ft (Required current
density from item 9 of paragraph
2-7a)

G = 0.0 (Coating efficiency, wetted
inner surfaces wll be uncoated,
fromitem 7 of paragraph 2-7a)

I+ = 7588 sq ft x 2.5 mA/sq ft x (1.0 -
0.0).

I+ = 18,970 mA; use 19.0 anp

4) Find the maxinmum design current for the riser
(I'g),using equation 1-1:)

le = (A (1) (1.0 - &

Wher e:
A = 1806 sq ft (Total surface area of
riser pipe fromstep 2 of paragraph
2-7b)
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= 8.0 mdVsgq ft (Required current
density for riser pipe fromitem9
of paragraph 2-7a)

G = 0.0 (Coating efficiency. | nner
surfaces will be uncoated, fromitem
7 of paragraph 2-7a)

g = 1806 sgq ft x 8.0 md/sq ft x (1.0 -
0.0).
g = 14,448 mA; use 14.5 anp.

5) Select the nunber of anodes required for the bow, to
nmeet the anode systemls 20-year design life using
equation 1-2:

N = I
| A
Wher e:

I = 19 anp (Current requi r enent
determned in step 3)

I, = 1 anp/anode (Current rating per
anode from table 3-3 for 4-ft long
by 0.138-in. dianeter ceramc rods)

N = 19

1
N = 19 rod segnents (4-ft |ong segnent)

6) Select the nunber of anodes required for the riser to
nmeet the anode systemis 20 year design life using
equation 1-2:

N = I
| A
Wer e:
I = 14.5 anp (Current requi r enent
determned in step 4)
I, = 1 anp/anode (Current rating per

anode fromtable 3-3 for 4 ft long
by 0.138-in. dianeter ceram c rods)
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14. 5
1

14.5; wuse 15 rod segnents (4 ft.
| ong)

7) Calculate the radius of the main anode circle (AR
usi ng equation 2-4:

Ar

VWher e:
D

Dx N
2 (A+N)

(eq 2-4)

56 ft (Tank dianeter, fromitem 2 of
par agr aph 2-7a)

10 anode strings (assuned: it is
necessary to assunme a nunber of
anode strings since there are two
unknowns in this equation.

56 ft x 10
2 (3.1416 + 10)

__ 560 ft
26. 28

21.3 ft; use 22 ft for the min
anode circle radius
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8)

9)

10)

Determ ne the center-to-center spacing (Cc) for the
mai n anode strings.

a) To find circunference spacing (C), use equation

2-5:
2 AA,
C. = N (eq 2-5)
Wher e:
Ay = 22 ft (Radius of main anode circle
from previous cal cul ati on.
N = 10 anode strings ([Assuned] Used in
previ ous cal cul ati on)
G = 2 x 3.1416 x 22 ft
10
C = 13.8 ft; use 14 ft for center-to-
center spaci ng bet ween anode
strings.

b) The cord spacing is approximtely the sane as
circunferential spacing; 14 ft wll be used
(figure 2-19).

Sel ect mai n anode system

Nunmber of 4-ft long rod segnments needed for the

current requirenent (from step 5) = 19. Nunber of
anode strings utilized (fromstep 7) = 10. Using two
rod segnents per string wll provide twenty anodes,

which is sufficient for the current requirenent.
However, for rod type anode designs, the nmain anode
rods should extend froma distance of 4 ft above the
tank bottomto wthin 4 ft of the HW. Due to the
curvature of the tank bottom the total water depth at
the location of the main anodes is approximtely 30
ft. Therefore, the mninumrod | ength should be 22 ft
(30 ft - 4ft - 4 ft =22 ft). Since these rods cone
in 4 ft lengths, we wll use six segnents per anode
with a total length of 24 ft.

Cal cul ate the resistance of the main anodes to water
(Ry using equation 1-13:
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| 28'

HIGH WATER LEVEL

7' 22 crammer

35
24

TANK ANODE

\ — - :_W“M-/ STUB ANODE
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PORTION OF TANK BOTTOM
PROTECTED BY STUB ANODES
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Figure 2-20 Anode Suspension Arrangement for Elevated
Steel Water Tank
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- 0.0052 x p x1n [D/ (2 Ay x Dy ]
I‘B
Wer e:
p = 4000 ohmcm (Water resistivity from
item 3 of paragraph 2-7a)
D = 56 ft (Tank dianmeter fromitem 2 of
par agr aph 2-7a)
Ay = 22 ft (Radius of main anode circle
fromstep 7 of paragraph 2-7b)
D = 0.275 (Equivalent dianmeter factor
fromfigure 2-17)
Lg = 24 ft (Length of each anode from
step 9 of paragraph 2-7b)
Ry = 0. 0052 x 4000 x I n(56/(44 x 0.275))
24
Ry = 1. 33 ohms.

If the anode rod |length-to-dianeter ratio (L/d) is
| ess than 100, the anode-to-water resistance needs to
be adjusted by the fringe factor. (See step 12 for a
di scussion of fringe factor.)

In this case, L = 24 ft and d = 0.0115 ft. L/d,
therefore, is (24/0.0115) = 2086. No fringe factor
correction is required.

Cal cul ate the stub anode requirenment (Ny):

a) The mai n anode radi us has been calculated to be
22 ft. The main anodes are spaced to provide
approximately the sanme distance from the sides
and the bottomof the tank. The nain anode w ||
protect a length inward along the tank bottom
equal to approximately the sanme spacing that the
anode is spaced away fromthe tank wall.

b) The anode suspension arrangenent for the tank
bei ng considered is shown in figure 2-20. It can
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be seen that stub anodes are required for this
desi gn. For a two-ring anode design (main and
one-stub anode ring), which is usually sufficient
for tanks up to 1 mllion gal storage capacity,
the 4-ft long stub anodes are | ocated on a radi us
one-fourth of the bow radius, or 7 ft (28 ft x
0.25 =7 ft). Typically, there will be about one
half as many stub anodes (two ring design) as
there are main anodes so we will plan for five 4-
ft long stub anodes on a 7-ft radius. The
outside radius of the area to be protected by the
stub anodes is approximately 13 ft and the inside
radius is 2.5 ft (riser radius). The stub anodes
are thus located on an 7-ft radius to place them
in the center of the area to be protected. (Note:
For snaller dianeter tanks, stub anodes may not
be required.)

Find the current division between nmain and stub
anodes.

(1) The area of tank bottom protected by stub
anodes (As) is found by equation 2-6 (see

figure 2-20):
A= B (r,> - ry?) (eq 2-6)
Wher e
r, = 2.5 ft (R ser radius)
r, = 13 ft (Radius of protected segnent.)

This is based on the fact that the
mai n anode string is 6 ft fromthe
tank wall and that the anode w |
protect another 9 ft (1.5 x 6 ft in
toward the center on the tank bottom
due to arc shape of the tank
bottom. Qutside radius of the area
to be protected by the stub anodes
i's, therefore:

28 ft (tank radius) - 6 ft - 9 ft = 13 ft

Agg = 3.1416 [(213 ft)?- (2.5 ft)?

Ag = 3.1416 x 162.75

A = 511.3 sq ft; use 512 sq ft as the area to

be protected by the stub anodes.
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(2) The current requirenments for stub anodes
is, therefore;

512 sq ft x 2.5 mA/sq ft = 1280 mA or 1.3 anp

(3) The total current requirenent for the bow
is 19.0 anp (fromstep 3).

(4) The <current for the min anodes is,
t her ef ore;

19.0 anmp - 1.3 anp = 17.7 anp
d) Sel ect nunmber of stub anodes (Ny).

In step 11, five stub anodes were assuned. Check
t he nunber required from equation 1-2:

Ns = I
| A
Wher e:

I = 1.3 anp (Current requirenent from
previ ous cal cul ati on)

I, = 1 anp/anode current rating per anode
from table 2-4 for 4-ft long by
0.138-in. dianmeter ceram c rods.

N, = 1.3

1
N = 1.3; use 2 - 4 ft anode rods

The five anodes selected to provide proper
coverage over the bottomare nore than sufficient
for the desired anode life.

12) Calculate the stub anodes-to-water resistance (R).

Find the stub anode resistance fromequation 1-13:

0.0052 x p x 1n [D/ (2 A, x D)1
L

B
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Wer e:

p = 4000 ohmcm (Water resistivity from
item 3 of paragraph 2-7a)

D = 56 ft (Tank dianmeter fromitem 2 of
par agr aph 2-7a)

A = 7 ft (Radius of stub anode circle
fromstep |ib of paragraph 2-7b)

D = 0.07 (Equivalent dianmeter factor
fromfigure 2-17)

Lg = 4 ft (Length of each stub anode)

Ry = 0.0052 x 4000 x In [56/(14 x 0.07)]

4
Ry = 21. 03 ohns.
Because the stub anodes are short, their

anode-to-water resistance nmay have to be adjusted
by the fringe factor. The fringe factor depends on
the ratio of length-to-diameter (L/d). If L/d is
| ess than 100, obtain the fringe factor fromfigure
2-18. Multiply the cal cul ated stub anode-to-water
resi stance by the fringe factor (F) to obtain the
adj usted resistance (Ryy).

Row = Ry X F (eq 2-7)
Wher e:
Ry = St ub anode-to-water resistance from
step 12.
F = Fringe factor fromfigure 2-18.

In this exanple, L/d for the stub anodes is:

L=4ft
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d = 0.0115 ft

L/d = 4 = 348
0. 0115

In this case L/d is greater than 100, 50 no fringe
factor correction is required.

Determ ne total resistance of main and stub anodes
(Ry) fromequation 1-3:

Re= R+ Ry+ R

Wher e:
Ry = Anode-t o-wat er resistance.
Ry = Header cabl e/w re resistance.
R = Tank-t o-wat er resistances.
a) Mai n anode rods:

Ry 1.33 ohnms (fromstep 10)

Ry = 0.13 ohm

Header cable/wire resistance is calculated from
equation 1-15:

Lw Ry
- W OWeT
"W 1000 1

Wer e:

Lw = 200 ft (After reviewi ng figure 2-20,
it is estimated that 200 ft of wire
will be required to connect the
rectifier to the anode distribution
wiring at the top of the tank)

Rer = 0.640 ohm (Wre resistance per 1000
lin ft of No. 8 AWG HWAPE i nsul at ed
W re)

200 ft x 0.640 ohm = 0.13 ohm
1000 ft

&
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R = 0.0 ohm (Resistance of the tank-to-
wat er and negati ve wre IS
negl i gi bl e)

b) Calcul ate the total resistance of the main anode
rods circuit (Ry):

Rr=1.33 +0.13 + 0.0
R = 1.46 ohns for nain anodes.

c) Calcul ate the total resistance of the stub anode
rods circuit (Ry):

Wher e:
Rv = 21.03 ohnms (fromstep 12)
Ry = 0.13 ohm (sanme as mai n anode header)
Rc. = 0.0 ohm (negligible)
Rr=21.03 + 0.13 + 0.0

R = 21.16 ohns for stub anodes.
14) Design riser anode.
a) Current requirenment = 14.5 anp (fromstep 4)

b) Nunmber of anode rods required from step 6 = 15
rod segnents (4-ft | ong each)

c) Sel ect riser anode system

For proper current distribution in the riser
pi pe, the anode units should not be placed too
far apart. It is generally considered that each
anode unit protects a length along the riser pipe
equal to 1 % times the spacing of the anode from
the riser pipe wall plus the Iength of the anode.
The length of riser protected by one 4-ft |ong
anode located 2.5 ft from the riser wall is
t herefore:

(2.5 x 1.5) + 4 = 7.75 ft
Nunmber of anode required for a 115-ft riser:
N = 115 = 14.8 or 15 anodes
7.75
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The nunber of anodes required for current
di stribution equals the nunber needed for the
current requirenent. To allow for a factor of
safety, use twenty anodes.

Det er m ne anode spaci ng.

Total riser length = 115 ft

D stance frombottomof riser to bottom of bottom
anode = 1.5 ft

Space consuned by anodes = 20 anodes x 4 ft each
=80 ft

Total space consuned = 80 + 1.5 = 81.5 ft

Space remaining = 115 - 81.5 = 33.5 ft

For twenty anodes, there are nineteen spaces

Spaci ng = 33.5 =1.76 ft or 1 ft 9 in.
19

Such an assenbly is possible since anode rod
segnments can be connected together with wre

Since the anodes are spaced so close together, it
is better to use one |ong anode. Such an anode
has less flexibility than the disjointed cable
connected string, so there is | ess chance of its
vi brating or being damaged by water turbul ence.

For one | ong anode nade of 4-ft segnents screwed
t oget her, the nunmber of anodes required is:

115 ft - 1.5 ft (distance frombottom) = 113.5 ft

113.5 = 28. 4 anodes
4

Use 28 anode segnments to keep the top segnent
within the riser.

Total anode |l ength = 28 anodes x 4 ft/anode = 112
ft.

Wei ght of the anode string will be:
2.4 oz/anode x 28 anodes = 67.2 0z = 4.2 1|Db
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Weight is not a factor in supporting the string.

15) Cal cul ate the anode-to-water resistance of a single
anode rod (RA), using equation 2-8:

0. 0052 p 1n(D/ D,)

R, = 3 (eq 2-8)
B

Wer e:
4000 ohmcm (Water resistivity from
item 3 of paragraph 2-7a)

©
I

D= 5 ft (Rser diameter fromitem 2 of
par agr aph 2-7a)

DA = 0.0115 ft (0.138 in) (D aneter of
anode rod fromitem 6 of paragraph
2-7a)

Lg = 112 ft (Length of anode rod from
previ ous di scussi on)

0. 0052 x 4000 x 1n (5./0.0115)
112

R,

R, = 1.13 ohns

16) Determine the total circuit resistance (R;) of the
riser anode, fromequation 1-12:

Rr = Rh+ Ry + Re

VWher e
= Anode-to-wat er resi stance of a
si ngl e anode rod.
= Wre resistance.
= Tank-to-water resistance.
a) Anode-to-water resistance (Ry) = 1.13 ohns from

step 15 of paragraph 2-7b.

b) Header cable/wire resistance (RN) from equation
1-15:
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L Rie
_ ' T
R 1000 ft
Wher e:

Lw = 240 ft (After review ng figure 2-20,
it is estimated that 240 ft of wre
wll be required to connect the
rectifier to the riser anode string)

Rer = 0. 640 ohm (Wre resistance per 1000
lin ft of No. 8 AWG HWAPE i nsul at ed
W re)
Ry = 240 ft x 0.640 ohm = 0. 15 ohm
1000 ft

Since this anode string is very long, the netal
of the anode can represent a significant
resi stance. Since the current discharges al
al ong the anode, one half of its length is used
in the resistance cal cul ati on.

Manufacturer's data show the [|ongitudinal
resi stance of a single 4-ft anode segnent to be
0. 053 ohm Ef fective resistance of the string
is:

0. 053 ohn anode x 28 anodes = 0.74 ohm
2

This resistance is very high conpared to the
anode resistance (greater than 10 percent) as a
result, too much current will discharge near the
top of the anode and not enough current will be
di scharged near the bottom of the anode.
Therefore, either a double-end feed nethod w |
have to be used or copper-cored rods nust be
used. (Note: This is usually only a problemin
fresh water applications when the anode rod
length is greater than 30 ft.) In this case, we
wll elect to use copper cored 1/8-in. dianeter
rods. Manufacturer's data show the | ongitudi nal
resi stance of a single 4-ft |long copper-cored rod
of this dianeter is 0.0034 ohm Ef fective
resi stance of this string is therefore:

0. 0034 ohn anode x 28 anodes = 0.048 ohm
2
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Thus, the copper cored anode | ongitudinal
resi stance is less than 10 percent of the
anode-to-water resistance (0.048 ohnm 1.13 ohm -
0.043 = 4.3 percent) making this an acceptable
ri ser anode design.

c) Tank-to-water resistance (R) and negative
circuit resistance = 0.0 ohm

d) Cal cul ate total resistance of the riser circuit
(Rp):

R =1.13 + 0.15 + 0.0

R; 1.28 ohns for riser anode.
17) Calculate the rectifier voltage (Vg and current:

a) First, determne the voltage requirement (E) for
each circuit using Chms Law

E=1 R
Wer e:
| = Current requirenent.
R, = Total circuit resistance.
Mai n Anodes:
| = 17.7 amp (fromstep 11lc).
R = 1.46 ohns (fromstep 13b).
E= 17.7 x 1.46 = 25.8 V
St ub Anodes:
| = 1.3 anp (fromstep 1lilc).
R = 21.16 ohns (fromstep 13c).
E= 1.3 x 21.16 = 27.5 V

Ri ser Anodes:

14.5 anp (fromstep 4)
Ry

1.28 ohnms (from step 16d)

E= 14.5x 1.28 = 18.6 V
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b) Summarize each circuit's resistance, current
requi renent and vol tage requirenent:

Crcuit CQurrent Resistance Voltage Required

(anp) (ohm
Mai n anodes 17.7 1. 46 25.8
St ub anodes 1.3 21. 16 27.5
Ri ser anodes 14. 5 1.28 18. 6

Total current
requi r enent 33.5

c) Determne the rectifier voltage (Vg based on
the largest circuit voltage requirenment of 27.5
V, because voltage requirenment varies for all
three circuits. Wth a 120 percent safety factor
as in equation 1-17, the rectifier voltage is
cal cul at ed:

27.5 x (12099 = 33 V
Total current required = 33.5 anp.
Sel ect rectifier
1) Rectifier capacity.

A comercially available rectifier having a rated
output of 40 V, 42 anp is selected.

Because of the different circuit resistances, separate
control of each circuit is required. This is best
handled by a rectifier having three separate output
circuits.

2) Automatic potential control

To prevent over or under protection as the water |evel
varies, automatic potential control is specified. The
tank and riser-to-water potentials are maintained by
the controller through pernmanent copper-copper sulfate
reference el ectrodes suspended within the bow and
riser. The reference el ectrodes should have a |ife of
at | east 15 years.

The automatic controller is located in the rectifier
unit. The controller nust be capable of sensing the
potential accurately and free of IR (voltage) drop
error. The control does this by turning off the
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rectifier for a fraction of a second, during which
time the tank-to-water potential is neasured. The
measurenment is then conpared with a preset standard
and the output adjusted accordingly.

Installation details.

Figures 2-19, 2-20, and 2-21 show typical details.

Gui del i nes for nunber of anode rings required.

The nunber of rings of anodes required varies with tank
di aneter. Table 3-7 gives suggestions.
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2-8. On-Grade Water Storage Reservoir (lce |Is Expected).
| mpressed current cathodic protection is to be designed for the
existing ground |level water reservoir shown in figure 2-22.
Coating is in poor condition and expected to deteriorate in the
future. As the tank is not heated, ice forns in the wnter.
Current requirenment tests have been nade.
a. Design data.
1) Tank is cylindrical with a flat bottom
2) Water resistivity is 2000 ohm cm
3) Tank di nensions are:
Capacity = 250,000 ga
D ameter of bow = 46 ft
Hi gh water depth = 20 ft.

4) Design cathodic protection anodes for a 15-year life
since tank wll be repainted at that tine.

5) Wre type ceram c anode will be used.

6) Design current density is 2.5 A per sq ft of tank area
to be protected.

7) Wetted surfaces are poorly coated. As coating is
expected to deteriorate, design for bare tank.

8) Area above high water level will be kept well coated.

9) Tank is subject to freezing and therefore a hoop type
anode support systemw || be used.

10) El ectrical power available is 120 V AC, single phase.

11) Current requirenent at present for adequate cathodic
protection is 9.0 anp.

b. Conputations.
1) Find the area of the tank to be protected (A).

A=2Br h+Br?
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2)

3)

Wer e:
r = 23 ft (Tank radius from item 3 of
par agraph 2-8a)

h = 20 ft (H gh water depth fromitem 3 of
par agraph 2-8a)

A= 2it x 23 x 20 + it x 232
A = 2890 + 1662
A = 4552 sq ft

Compute the current requirenment (1) using equation
1-11:

(A0 - &)

Wher e:
A = 4552 sq ft (Area of tank to be
protected from previ ous cal cul ation)

= 2.5 m¥sq ft (Required current density
fromitem 6 paragraph 2-8b)

C.= 0.0 (Coating efficiency, assum ng tank
wll eventually be essentially bare)

Current required:
| = 2.5 IDA/sq ft x 4552 sq ft
| = 11,380 I DA; use 12 anp
Since the conputed 12 anp is larger than the tested
requi renment of 9 anp, use the 12 anp as the required
current.
Calculate the length of anode wire in ft (Lg) needed

for the current required, using a nodification of
equation 1-2:

Wer e:
| = 12 anmp (Current requi r enent from
previ ous cal cul ati on)
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l, = Allowable anmp per ft of anode wre
(varies depending on desired anode
life and dianmeter), found in table A-
3.

Based on selecting a wre anode of 0. 0625-i n.
di aneter, the mninmumwire |ength and hoop dianeter
can be cal cul at ed:

For 0.0625 in. Lg = 12 anp
0.31 anp/ft
= 38.7 ft 12 ft 4 in
(Lengt h of (M ni mum
Wre for D aneter of
15- Year Life) Wre Grcle)

Calculate the desired dianeter of the anode wre
circle (Dy. Experi ence shows that the dianeter of
the anode wire circle should be between 40 and 70
percent of the tank dianeter for a cylindrical tank.
In this case, we will try a hoop shape with a di aneter
equal to 60 percent of the bow dianeter:

D = 60%x 46 ft = 27.6 ft; use 27 ft 6 in

Cal cul ate the anode anode-to-water resistance (R))
fromequation 1-14:

8 D 2D
RA::.9;99E§_B (1n R 4 1n R
D
R A
Wher e:
p = 2000 ohmcm (Water resistivity from

item 2 of paragraph 2-8a)

Dr = 27.5 ft (Anode ring diameter from
previ ous cal cul ati on)

D\ = Assune  0.0052 ft (0.0625 i
(Diameter of anode wire from step
of paragraph 2-8b)

n)
3
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6)

H= 12 ft (Anode depth below water
surface) Anode depth has been
det erm ned from the foll ow ng
cal cul ati ons:

The di stance fromthe bottomof the tank to the anode
wre circle should be about 40 percent of the water
dept h.

Water depth = 20 ft fromitem 3 of paragraph
2- 8a.

20 ft x 40% = 8 ft
Anode depth bel ow water surface (H):

H=20ft - 8 ft = 12 ft

Cal cul ate Ry
R, = 0.0016 x 2000 [in 8 x 27.5 + in 2 x 27.5]
27.5 0. 0052 12
Ra, = 0.1164 [In 42,307.7 + I n 4.6]

Ry, = 0.1164 [10.65 + 1.531
Ry = 1.42 ohm

At a current requirenent of 12 anp, voltage required
for this resistance, fromGOms Law is:

E =1 x R,
E =12 x 1.42 = 17.2 V

This is a reasonable voltage, so the resistance of
1.42 ohns is acceptable.

Determine the total circuit resistance (R;), from
equation 1-3:
Rr = Ry + Ry + Re

Wher e:
Ry = RA = Anode-to-water resistance.
Ry = Header cabl e/w re resistance.
R. = Tank-to-water resistance.
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Anode-to-water resistance = 1.42 ohnms from step
5.

Header cable/wire resistance (Ry) from equation
1-15:

Lw Ry
_ w T
R 1000 ft
Wer e:
Lw = The positive wire fromthe rectifier
to the first splice is 15 ft |ong.
The power feed then continues on
around the hoop to the opposite
side. The length of this run is
about 43.2 ft but since only half
the current is passing through this
portion, its effective length is
43.2/2 = 21.6 ft.
Rer = 1.02 ohnms (Fromtable 3-6, based on
sel ecting No. 10 AWG cabl es)
Ry = (15 ft + 21.6 ft) x 1.02 ohns
1000 ft
Ry = 0. 037 ohm

Negative circuit and tank-to-water resistance

(R .

The negative wire is connected to the tank
structure near the rectifier, so its resistance
is negligible. Tank-to-water resistance is also
negl i gi bl e.
Cal cul ate Ry

Rr = 1.42 + 0.037 + 0.00

R, = 1.457 ohns; use 1.5 ohns

This is well below the design requirenent.

Cal culate the rectifier voltage (Vg fromequation 1-

17:
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Veee = (1) (Ry) (120%

Wer e:
I = 12 amp (Current requirement from
step 3)
R = 1.5 ohns (Total circuit resistance
from previ ous cal cul ati on)
120% = Rectifier voltage capacity design
safety factor.
Veee = 12 anmp x 1.5 ohns x 1.2
Veee = 21.6 V

Sel ect rectifier.

Based on the design requirements of 21.6 V and 12 anp, a
commercially available 24-V 16-anp unit is sel ected.

Aut omati c potential control.

To prevent over- or under-protection as the water |eve

varies, automatic potential control is specified. The tank
and riser to water potential 1is mintained by the
controller t hrough  per manent copper - copper sul fate
ref erence el ectrodes suspended with the bow and riser. The
reference el ectrodes should have a design life of at |east
15 years.

The automatic controller is located in the rectifier unit.
The controller nust be capable of sensing the potenti al
accurately and nust be free of IR (voltage) drop error
The controller does this by turning off the rectifier for
a fraction of a second, during which tine the tank-to-water
potential is neasured. The neasurenent is then conpared
with a present standard and the output adjusted
accordingly.

Install ati on details.

Fi gures 2-22 and 2-23 show typical details.

Loop anode attachment guideli nes.
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The wire circle, or |oop anode is supported fromthe sides
of the tank by polyester rope as shown in figure 2-22. The
nunber of supports varies wth the tank dianeter as
recommended in table 3-8.
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Hori zontal Anodes. (Underground Applications)

There are tines when it is advantageous to install anode
horizontally as shown in figure 2-24. For further information,
see paragraphs 10.91 through 10.93 of TM 5-811-7 (reference
10) . This configuration is particularly hel pful when using
packaged ceram c anodes (figure 2-24) since earth backfill can
be solidly tanped around them The anodes can be laid on the
bottomof a trench or excavation with conpacted backfill. This
of ten achi eves better conpaction than when tanping in vertical
hol es. The design is undertaken in the sane manner as
described in Section 2-2 and 2-3. The single anode-to-earth
resistance i s cal cul ated by using equation 2-11:

(eq 2-11)

Wer e:
RA = Anode-to-electrolyte resistance in ohns.
p = Electrolyte resistivity in ohmcm
L = Length of anode in ft.
d = Dianmeter of anode in ft.
h = Depth of anode in ft.

This equation is used to calculate the resistance
of a single anode-to-earth.

For multiple anode installations, equation 1-11 nay be used to
approxi mate total resistance:

Ry P Pe
Rv" N "¢

C
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Wher e:

Ry = Resistance-to-electrolyte of "N' nunber
of anodes

R, = Resistance-to-electrolyte of a single
hori zontal anode

N = Nunber of anodes

p = Electrolyte resistivity in ohmcm

P = Paralleling factor (table 3-5)

C. = Spacing between anodes in ft. (The
spaci ng between anodes is taken as the
center-to-center di st ance bet ween

hori zontal anode.)

As before, when equation 1-11 is applied to horizontal anodes,
it yields approximate results. This is because the equation is
based on vertical anodes. However, the results are
sufficiently accurate for cathodic protection design.
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2-10.

Backfilling Packaged Anodes Wth Coke Breeze.

Al t hough the cal cul ations shown in Sections 2-2 and 2-3 assune
t hat the packaged ceram c anodes will be buried directly in
the earth, the accepted fail-safe design practice is to bury
t he packaged anode canister in a coke breeze backfill.

Backfilling the packaged anodes in coke breeze offers three
advantages. First, it reduces anode-to-ground resistance. A
typi cal exanple would be to backfill a 3-in. by 60-in. anode
ina 8-in. dianmeter by 84-in. |long coke breeze colum. These
dinensions, d = 0.66 ft and L = 7.0 ft, are then used in
equation 2-8 or 2-10 to cal cul ate resistance-to-earth.

The second advantage of using coke breeze backfill around
packaged anodes is that coke breeze often results in better
conpaction then does soil. This also reduces anode-to-ground
resi stance and i nproves anode perfornance.

The nost inportant reason, however, for backfilling these (as
wel | as any other) prepackaged anode is that gas-bl ocking of
the anodes will not occur. Gases (primarily oxygen) are
rel eased at the anode package surface. These can be entrapped
by the soil at the anode package surface which can prevent
further current discharge by the anode. The coke breeze
provi des a porous nedia through which these gases can mgrate
and di ssipate preventing the possibility of gas bl ocking.
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